Crystal Structure, Magnetic Susceptibility, Rhenium, Aluminum Well-crystallized samples of the rhenium aluminides Re4Aln and ReAl6 were obtained by reaction of rhenium with an excess of aluminum. Re4Aln was found to be isotypic with Mn4Alu. The MnAl6 type structure of ReAl6 was confirmed. The crystal structures of both compounds were refined from single-crystal X-ray data. Re4Aln :P l, Z = 1, a = 516.0 (1) 
Introduction
The binary system rhenium-aluminum was in vestigated by Savitskii, Tylkina, and Povarova [1] , d 'Alte da Veiga [2] , and more recently by Schuster [3] . Six intermetallic phases were reported: R e2Al [3] with MoSi2 type structure, R eA l with a new type [3] , ReAl4 with a structure type derived from WA14 [4] , ReAl6 with MnAl6 type structure [5] , R eA l12, which is isotypic with WA112 [6 ,7] , and a compound for which Schuster [3] proposed the tentative com position "R eA l3". He also mentioned that Edshammer already in 1963 had suggested this com pound to be isotypic with Mn4A ln . However, this assignment was judged as unreliable. Edsham m er's lattice constants for this compound (a = 497, b = 880, c = 490 pm, a = 85°, ß = 100°, y -106°) cited by Schu ster [3] are considerably different from the ones found in the present structure determ ination of R e4A ln . In addition we report the structure refine ment of Re Al6, its Pauli paramagnetism, and the lat tice constants for R e2Al. Preliminary results of this work have been presented previously [8 ] .
Sample Preparation, Properties, and Lattice Constants
Starting materials were the elements with stated purities > 99.9% (Al: foil, 0.5 mm, Merck; Re: pow-* Reprint requests to Prof. Dr. W. Jeitschko.
Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 0932-0776/93/1200-1767/$ 01.00/0 der, 400 mesh, Starck). Single crystals of Re4A ln were obtained by reaction of the elements with the ratio R e :A l = 1:4 in an alumina boat at 1600 °C under an atm osphere of purified argon. The sample was slowly (4 °C/h) cooled to 1500 °C, and quenched to room tem perature. Single crystals of ReAl6 were prepared by reaction of the elements (R e:A l = 0.5:99.5) in an alumina crucible, which was sealed in an evacuated silica tube. The sample was anneal ed for two weeks at 800 °C and cooled (40 °C/h) to room tem perature. The aluminum matrix was dis solved by a 10% HC1 solution, which leaves the crystals of Re Al6 unattacked. The compound R e2Al was prepared by arc melting cold-pressed pellets of the elem ental components in an atmosphere of pu rified argon, followed by annealing in an alumina crucible under vacuum at 1000 °C for three weeks.
Energy dispersive analyses of the samples in a scanning electron microscope showed no impurity elements heavier than sodium. The samples were characterized by Guinier powder patterns with a-quartz (a -491.30, c = 540.46 pm) as a standard. The lattice constants were refined by least-squares fits. For Re4A lu and R eA l6 they are listed in Table I together with other data of the structure determ i nations. The powder pattern obtained for Re2Al is in very good agreem ent with the pattern reported by Schuster [3] . The lattice constants calculated by us from that pattern (a = 298.0, c -958.0 pm, V = 0.08508 nm3) are also in good agreement with ours (a = 298.1(1), c = 958.4(4) pm, V = 0.08519 nm3). Therefore the c lattice constant cited in the previous report [3] (a = 298.0, c = 976.0 pm) was obviously wrongly transcribed.
The magnetic susceptibility of Re A l6 was m easur ed with a SQUID m agnetometer. The sample is very weakly paramagnetic with a room tem perature sus ceptibility of x = 5(± 5) • lO-9 m3/mol. This value is much smaller than the absolute value for the dia magnetic correction and thus the absolute values of the Pauli paramagnetism and the diamagnetic cor rection are practically the same.
Structure Determinations
Single crystals of Re4A ln and Re Al6 were examin ed in Buerger precession cameras to establish their symmetry and suitability for intensity data collec tion. The crystals of R e4A ln showed triclinic sym m etry and the centrosymmetric group P I was found to be correct during the structure determ ination. In tensity data were collected on a four-circle diffrac tom eter with graphite-monochromated M o-Ka ra diation, a scintillation counter with pulse height dis criminator, and background counts on both ends of each 0/2 6 scan. The crystallographic data are sum marized in Table I .
The position of the heavy metal atoms of R e4A ln were deduced from a Patterson synthesis, the other atoms were located in difference Fourier syntheses. The starting atomic positions of ReAl6 were taken from the previous structure determination of R eA l6 [5] and the refinem ent went smoothly after a print ing error of the A13 position had been corrected. Both structures were refined by full-matrix leastsquares cycles with atomic scattering factors [9] , cor rected for anomalous dispersion [10] . Parameters accounting for isotropic secondary extinction were refined. The weighting schemes included a term which accounted for the counting statistics. All atoms were refined with anisotropic displacement param eters. To check for deviations from the ideal composition, occupancy param eters were refined in one series of least-squares cycles. No significant de viations from the ideal occupancies were found. The atomic param eters and interatomic distances are given in Tables II -IV for the manganese compound, where they appear to be due to insufficient correction for absorption effects. The structure of ReAl6, previously refined from film data of two zones to residuals of R -0.078 and R = 0.105 [5] , is confirmed in the present study, although the present refinement is more accurate with a residual of R = 0.013.
The structures of Re4A ln and ReAl6 have high coordination numbers for all atoms (Figs 2 and 3) as is typical for intermetallic phases. The Mn4A lntype structure of Re4A ln is difficult to visualize. The lower part of Fig. 4 shows a projection of this struc-
Discussion
The structure of Re4A ln is isotypic with that of Mn4A lu [11, 12] . In contrast to the refinem ent of Mn4A ln [12] , where the occupancy param eter of the Mn 2 position was found to be only 92.4(6)%, prac tically all atomic positions are found to be ideally occupied in the present structure determ ination of R e4A ln . Also no unusually anisotropic therm al m o tion was observed in the present refinement. The ratio of the largest to the smallest therm al dis placement param eter is 2.05 for R e l and 1.99 for Re 2. These ratios were reported to be around ten Table III are shown. ture nearly along the x direction, where the three stacks of the atomic layers a, b, and c are discerni ble. The layers shown in a have some resemblance to the layers of the Frank-Kasper structures, al though these "tetrahedrally close packed" structu res have only tetrahedral voids [13] , while the struc ture of Re4A ln (and ReA l6) in addition to the tetra hedral voids also has octahedral voids, as could be expected for an intermetallic structure with a large proportion of atom s of the same size, and as is well known for the hexagonal and cubic close packed element structures. The pentagon-triangle nets as shown at the heights y ~ 0.87 and y ~ 0.13 in the structure of R e4A ln (Fig. 4) are also found in the MnAl6-type structure of R eA l6 [14] .
The coordination polyhedra of the rhenium atoms in R e4A ln and R eA l6 are quite similar. To a first approximation we can disregard the weak R e -R e interactions with bond lenghts of 324 pm and more. The three different rhenium atoms in the two structures then have 1 0 aluminum neighbors each, and in both structures the R eA l10 polyhedra have relatively wide ranges of R e -A l distances from 245 to 277 pm for Re 1, from 249 to 277 pm for Re 2 in R e4A ln , and from 253 to 267 pm for the Re atom in R eA l6. It is rem arkable that the average R e -A l distances reflect the presence of the addi tional rhenium neighbors in the environments of the rhenium atoms. The shortest average R e -A l distance occurs for the rhenium atom in R eA l6 with 261.5 pm, which has no additional rhenium neigh bor, while the R e l and the R e 2 atoms of Re4A ln have average R e -A l distances of 263.7 and 267.1 pm with two and three additional rhenium neighbors. Thus, although the Re -Re interactions of between 324 and 335 pm are rather weak, they still must be considered as bonding. Fig. 4 . Atomic layers in the crystal structure of Re4Alu. The Re and Al atoms are shown as small and large circles, respectively. Somewhat more than one unit cell is pro jected along the x direction at the bottom. Above the three 3-layer sequences a, b, and c are projected along the y direction. Atoms at different heights of the pro jection direction are connected by thick and thin lines, respectively. Some octahedral voids are marked by asterisks.
The three different aluminum atoms in the struc ture of R eA l6 have one or two rhenium neighbors with ten or nine additional aluminum neighbors re sulting in the coordination num ber (CN) eleven. These neighbors are all at distances of less than 298 pm. The coordination polyhedra of Fig. 3 show some additional aluminum neighbors (m arked with asterisks) at the considerablv longer distances of 347 and 349 pm. Without these additional neighbors the coordination shells of the aluminum atom s would look rather incomplete.
The coordination polyhedra of the aluminum atoms in the structure of Re4A lu are even more dif ficult to define. The A l-A l distances in that struc ture cover the range from 261 to 362 pm with no ob vious discontinuity. Continuous ranges of near neighbor A l-A l distances occur especially in the coordination polyhedra of the Al 2 and Al 5 atoms (Table III) . In counting all of these neighbors as b e longing to the coordination polyhedra, the alumi num atoms obtain 12 (for the A16 atom; this co ordination is almost an icosahedron), 13 (A14), 14 (Al 3 and Al 5), and 15 (AI 1 and Al 2) neighbors (in cluding between two and four rhenium neighbors). The A l-A l distance in the cubic close packed (CN 12) structure of elemental aluminum is 286 pm [15] . Thus, the shortest A l-A l distances of 251 pm in R eA l6 and 261 pm in Re4A ln are rem arkable. In spite of the high electropositivity of aluminum a pri marily ionic bonding model (involving A l3+ ions) can be ruled out, certainly for ReAl6, where the rhenium atoms would obtain 25 electrons. For this reason we ascribe strong covalent bonding to the short A l-A l distances. In this context it should be rem em bered that in the structure of elem ental a-gallium each gallium atom has one short G a -G a bond of 247(2) pm [15, 16] , and that strong covalent bonding exists in the structure of silicon (S i-S i: 235 pm), also a neighboring element of aluminum.
